Conditions of surface-plasmon resonance (SPR) production with use of IR pumping light (800-2300 nm) in the Kretschmann-Raether prism arrangement were investigated. Both calculations and experimental data showed that SPR characteristics in the IR are strongly influenced by the properties of the coupling prism material. Indeed, quite different regularities of plasmon excitation, polarity of sensing response, and sensitivity are observed for two different glasses and silicon. The observed differences in SPR properties are related to essentially different behavior of dispersion characteristics of materials near the SPR coupling point. Methods for improving sensor performance and miniaturizing the SPR technique using novel coupling materials (silicon) are discussed.
INTRODUCTION
Surface-plasmon resonance (SPR) is a prominent optical phenomenon that consists of a resonant transfer of the pumping light energy to a surface-plasmon mode coupled to collective oscillations of electrons in a metal. 1 The plasmons exist at a metal-dielectric interface and obey the following dispersion relation for two homogeneous semi-infinite media:
where k SP 0 ϭ k SP 0 Ј ϩ i⌫ i is a wave vector of surface plasmons (⌫ i is the intrinsic loss term), ⑀ m and ⑀ s are dielectric constants of the metal and dielectric medium, respectively, is the wave frequency, and c is the velocity of light. As shown schematically in Fig. 1(a) , SPR is generally produced in the Kretschmann-Raether prism arrangement, 2, 3 in which p-polarized visible light is directed through a glass prism and then reflected from a gold film deposited on the prism surface. The SPR effect causes an angular (spectral) dip of reflectivity that is due to the plasmon excitation, and this dip position is extremely sensitive to the dielectric constant ⑀ s of the adjacent medium in a thin layer near the interface. The high sensitivity exhibited by the SPR effect is now widely employed in biological and chemical sensing. [4] [5] [6] With a biomolecule or receptor covalently immobilized on the metal surface, a change of SPR parameters can reflect variations of the sensing layer thickness that are due to a selective interaction between the biomolecule and its analyte partner from an aqueous solution. 7 Recording angular, [4] [5] [6] wavelength, 8, 9 or phase [10] [11] [12] characteristics of the reflected light, SPR biosensors offer the opportunity for real-time and label-free monitoring of biomolecular interactions. Most known SPR-based systems operate with visible light and have a probe depth of ϳ200-300 nm, i.e., the layer thickness within the sensible response. Reviews of studies of biological interactions using SPR techniques are available in the literature. 7, 13, 14 It has been known that increasing the wavelength of the pumping light leads to a decrease of dissipation in the system and the generation of long-propagation plasmons. 1, 15 These plasmons have remarkably different parameters of excitation in the near-IR range (700-1200 nm) and offer certain advantages for sensing (see, e.g., Refs. [16] [17] [18] [19] [20] . First, the probe depth of these plasmons can reach 1.5-2 m, 18 which in turn improves the resulting sensitivity of the system for recording biological or chemical interactions. Then, long-propagation plasmons are generated under a narrower range of angles (wavelengths), which contributes to better accuracy of SPR dipposition measurements. 19, 20 Furthermore, SPR excitation with IR light in a wider range (Ͼ1100 nm) might provide some extra opportunities, such as the use of novel advanced materials for coupling and improved sensor characteristics. As silicon is transparent in this range, its use is very appealing with respect to sensor miniaturization and integration. However, the development of silicon-based SPR sensors requires the determination of conditions of SPR excitation in the IR range as a prerequisite, since dispersion effects become important in this range. This paper is devoted to the consideration of basic conditions of SPR excitation in the IR range (800-2300 nm) using the Kretschmann-Raether geometry. Two different glasses (BK7 and SF11) and silicon are examined as prism materials.
THEORETICAL FRAMEWORK
In the Kretschmann-Raether prism arrangement, 2, 3 light is directed to a gold film through a glass prism with a relatively high refractive index n p , as shown in Fig. 1(a) . The prism is usually coated with a gold film such that the prism-metal and metal-dielectric interfaces are the optimum distance apart. The energy can be transferred by matching the projection of the wave number of the incident beam on the surface k x to the surface-plasmon wave number k SP at a specific combination of the pumping frequency and the angle of incidence SPR :
The physical meaning of the phenomenon becomes clearer if we consider the wave number projections for all involved waves on the interface (x axis). From the dependence (k x ) depicted in Fig. 1(b) , the surface-plasmon mode can be excited at all frequencies below the surfaceplasmon frequency s , which is in the green range for gold. 15 For photons in a dielectric prism, the dispersion relations ϭ ck/n p represent lines whose slope with respect to the abscissa increases with an increase in the refractive index n p . It is evident that the maximal x-axis projection of the lines is achieved under glancing angles of incidence of about 90°[ Fig. 1(a) ]. In the diagram of (k x ), coupling takes place at the intersection between the plasmon curve and the photon curve [ Fig. 1(b) ]. For photons in air, the slope is not sufficient to match the wave numbers of the plasmon to the photon. However, the matching and energy transfer to the plasmon mode might still be feasible if a prism with a higher refractive index were used.
The wave number k SP is generally different from the wave number of ideal surface plasmons determined by Eq. (1), since the system is perturbed by the presence of the prism and the finiteness of the layers. A precise solution for parameters of light reflected from an arbitrary multilayer system can be obtained from Fresnel equations, which give the result in the form of an electromagnetic field distribution. However, the calculation of the dispersion relation by Fresnel equations is rather timeconsuming since every point on the dispersion curve must be determined individually. In this study, we consider the phenomenon in the framework of a model of plasmon oscillations. The system perturbation due to the presence of the prism and the finiteness of layers is taken into consideration by the introduction of the loss-term wave number k r ϭ k r Ј ϩ i⌫ r (⌫ r is a reradiative loss term), and the complex wave vector of the surface plasmons can be expressed as 2, 21, 22 
where k SP 0 is the wave number in the absence of the prism as determined by Eq. (1). The expression for the loss-term wave number k r in the prism configuration has been derived through the parameters of layers 21 :
where r pm is the reflectance of the p-polarized component obtained from Fresnel equations, d is the gold layer thickness, and is the pumping wavelength. A solution of Eq. (2) through the pumping wavelength and SPR permits the determination of the SPR conditions. The plasmon model also permits the characterization of SPR reflectivity curves. The reflectivity in the immediate vicinity of the resonance R, and the width of the SPR dip W k , can be expressed, respectively, as
However, consideration of the system in the IR range requires a detailed account of the dispersion characteristics of all materials, including those of the prism. In contrast to the case for visible light, these properties can play a crucial role in the formation of SPR characteristics. In this study, we consider two typical examples of testing medium: air and water. The dispersion relation for wa- ter was obtained from an equation given by Harvey et al., 23 whereas a correction factor for weak water absorption was obtained from the data of Kou et al. 24 Dispersion properties of gold in visible and IR light were taken from the data of Innes and Sambles 25 and Johansen et al. 18 We considered three different prism materials: BK7 and SF11 glasses and silicon. The dispersion characteristics for BK7 and SF11 glasses were taken from the data of the supplier (Melles Griot, Irvine, Calif.). The optical constants for silicon were obtained from the approximation of experimental dependencies reported by Herzinger and co-workers. 26 Finally, the reflectivity in the SPR resonance dip can be minimized in the Kretschmann-Raether prism configuration by optimizing the thickness of the gold film 21 :
EXPERIMENTAL SETUP
To verify the validity of the performed calculations, we carried out a series of experiments in the KretschmannRaether prism arrangement [ Fig. 1(a) ]. The SPR coupling system consisted of a prism, a gold film, and a flow cell (empty or filled with distilled water, depending on the aqueous or gaseous tested medium). In the experiments, BK7 and SF11 glass prisms were used with the base angle of ␣ ϭ 45°for gaseous and ␣ ϭ 60°for aqueous tested media [ Fig. 1(a) ]. In addition, the silicon prisms ( p-type, R Ͼ 20 ⍀ cm, Almaz Optics, West Berlin, N.J.) with ␣ ϭ 16.6°and ␣ ϭ 22.4°were specially designed for experiments with the gaseous and aqueous tested medium, respectively. With such prisms, it was feasible to attain the incidence of the laser beam on the silicon-gold interface at angles close to SPR from the calculation. Gold films were deposited on the prisms. In addition, for some test experiments the gold was deposited on a 1-mmthick glass slide or 0.5-mm-thick silicon wafer, which was then placed in immersion contact with the prism. Light pressure was applied to the immersion liquid to provide better optical contact. The thickness of gold film was optimized by use of Eq. (6). The value of 40 nm was selected to ensure minimal reflectivity in resonant conditions in the range 1100-1700 nm for all three prisms. The SPR coupling system (with or without the flow cell) was placed onto a rotary block of a variable-angle spectroscopic ellipsometer (Woollam VASE® ellipsometer, J. A. Woollam, Lincoln, Neb.) to allow for very fine variation of the angular prism position with respect to the optical path of the ellipsometer. The system was illuminated by continuous monochromatic p-polarized light with variable wavelength, obtained by passing white light from a 75-W xenon lamp source through a monochromator with an extended spectral range (240-1700 nm). The light reflected from the coupling system was analyzed by a detector whose characteristics were normalized to take into account the spectral response of the light source. The experiments were performed with a configuration of either wavelength or incident angle fixed. The precision of angular and spectral measurements was 0.005°and 0.1 nm, respectively. All experiments were performed at room temperature.
RESULTS AND DISCUSSION
The calculations and experimental data revealed that the SPR effect could be produced for all prism materials including silicon, albeit with the silicon prism, the surface plasmons were excited only at wavelengths above 1100 nm. Figure 2 presents typical angular reflectivity curves from the theory (dashed curves) and experimental data (solid curves) for three different prism materials, which were used for sensing in the (a) gaseous and (b) aqueous medium. As shown by the experimental curves, the angles were related to the prism-gold interface, while a slight light refraction at the entrance to the prism was taken into account as a correction coefficient. It was obvious that the main trend of theoretical prediction was well confirmed by relevant experimental data. Indeed, the calculated and measured positions of reflectivity minimum were almost identical for all prism materials, which confirms the validity of the applied plasmon model used in our calculations and the relative precision of the dispersion data obtained from previous studies. As shown in Figs. 2(a) and 2(b), the SPR effect was achieved at quite different angles of incidence for differ- Fig. 2 . Typical angular reflectivity curves for prisms from BK7 and SF11 glasses and silicon in the configuration of (a) gaseous and (b) aqueous sensing medium. The dashed and solid curves correspond to the calculated and experimental data, respectively. ent prism materials, depending upon their refractive index n p . In this case, n p increased with a decrease in the resonant angle SPR . For example, in the gaseous medium the values of SPR were ϳ42°-46°for BK7 glass (1.5 Ͻ n p Ͻ 1.55), 35°-38°for SF11 glass (1.7 Ͻ n p Ͻ 1.8), and 16.5°-16.8°for silicon (3.45 Ͻ n p Ͻ 3.7), while those of the aqueous medium were 60°-80°, 50°-55°, and 22°-25°, respectively. The width of the reflectivity minima decreased with an increase of the prism refractive index; the result was especially remarkable for the calculated curves. For example, in the gaseous sensing medium, the calculated FWHM at ϭ 1200 nm was about 0.156°(versus 0.3°for the experiment) for BK7 glass, 0.126°(0.2°experiment) for SF11 glass, and 0.066°( 0.12°experiment) for silicon, while for the aqueous medium the relevant values were 0.75°(0.8°experiment), 0.417°(0.5°experiment), and 0.16°(0.18°experiment), respectively. The recorded smaller width of the reflectivity curve for silicon was apparently attributable to its relatively high refractive index. Indeed, as indicated in Eq. (5), the higher the index of refraction n p , the narrower the reflectivity curve. It is noteworthy that the experimental reflectivity curves were somewhat broader compared with the theoretical ones. For aqueous medium, the difference of curve widths was relatively small, whereas for gaseous medium the experimental curves were broader by a factor of ϳ2 for all prisms. The broadening was probably related to properties of the gold films used, and could be explained by a surface roughness or nonuniformity of the film thickness in the light spot. Indeed, roughness can lead to a certain increase in the imaginary part of the plasmon wave number ⌫ i , whereas the nonuniformity can increase the loss term wave number ⌫ r . Both mechanisms increase the numerator of Eq. (5) and, consequently, the curve width W k for all three prism materials by the same factor. Since the resonant curve is originally broadened for the aqueous sensing medium in comparison with the gaseous one, the effect of broadening is less pronounced for this medium. A certain error in the data on gold's refractive index used in our calculations and a divergence of light source beam in the experiments could partly contribute to the discrepancy between experimental and theoretical curve widths.
The position of the reflectivity minimum for each prism material was strongly dependent on the wavelength of pumping light, as shown in Figs. 2(a) and 2(b) . For each wavelength, an appropriate angle of incidence could be chosen to provide resonant conditions. However, the angular shift due to the increase of was opposite for silicon and the glasses. Similar minimum values could be observed in the spectral dependence of the reflectivity when the angle of incidence was fixed. In this case, the position of the spectral minimum was very sensitive to the angle of incidence. For example, with the silicon prism, a slight decrease of the incident angle from 16.9°to 16.5°l ed to a considerable shift of the reflectivity minimum to shorter wavelengths. The data for the SPR minimum position collected from the angular and spectral reflectivity curves are summarized in Figs. 3(a) and 3(b) , which describe the resonant conditions for a simultaneous variation in and . The theoretical SPR minimum angle and wavelength could be generated from these plots by taking a cut parallel to the y or x axis. As illustrated in this figure, the SPR dispersion curves revealed a striking difference between glass and silicon. For BK7 or SF11 glass, decreased with an increase in the wavelength for the pumping light up to 800 nm. Beyond this wavelength, the angle of incidence became less sensitive to any further change in . In the gaseous medium, the indicated tendency changed to the opposite direction when Ͼ 1200 nm was used for pumping. In particular, for BK7 this phenomenon led to the appearance of two peaks at ϳ1200 nm and 1900 nm in the spectral reflectivity curves recorded at a fixed angle of ϳ42.1°.
However, the use of silicon as the sensing prism resulted in quite different behavior of SPR excitation. In air, the increase in wavelength was accompanied by an increase in the resonant angle [ Fig. 3(a) ] that was completely opposite to the case of glasses. In aqueous medium, such behavior was even more surprising, as illustrated in Fig. 3(b) . The resonant angle initially increased with an increase in the wavelength and reached a maximum value at ϭ 1400 nm. The angle of resonance then decreased with a further increase in . Such behavior indicated that with a resonant angle below 22.4°, there were two dips in the IR range and the absolute angle variations were more pronounced in the visible range in comparison with IR. For glass, these variations in the range of 800-2200 nm did not exceed 1°and 5°for air and water, respectively, whereas the corresponding values for the visible range reached 3.5°and 12°-14°, respectively. The angular variation values in the IR range for silicon were even smaller, within only 0.8°regardless of a wide variation in (1000-2200 nm).
The above-mentioned striking difference in the dependencies for glasses and silicon could be explained by considering conditions of the wave number matching in terms of the dispersion (k x ) as depicted in Fig. 1(a) . Qualitative behavior of the dispersion relations (k x ) for plasmons and photons in the prism in the vicinity of the coupling point is shown in Fig. 3(c) . An attempt to obtain a precise solution of dispersion equations resulted in less illustrative plots because the convergence angles of curves near the coupling point were too small. For BK7 glass, the dependence (k x ) was linear (curves labeled BK7), while for silicon the dispersion relation exhibited a nonlinear relationship (solid curve). In both cases, the plots (k x ) approached the k x axis with an increase in the angle of incidence (the closest position achieved at ϭ 90°). Considering the two curves BK7( 1 ) and BK7( 2 ), corresponding to two different angles of incidence with 1 Ͼ 2 , the coupling could take place at these two points. The coupling points 1 and 2 corresponded to the pumping frequencies 1 and 2 with 1 Ͼ 2 . Therefore, for BK7 glass, the incident resonant angle decreased with a decrease in or an increase in , consistent with the SPR dispersion curves presented in Fig. 3(a) . For silicon, an opposite trend was anticipated by considering the two curves Si( 3 ) and Si( 4 ) at two different angles of incidence 3 and 4 with 3 Ͼ 4 . As the coupling took place with 3 Ͻ 4 , the pumping wavelength would decrease as decreased in accordance with the SPR dispersion curves [ Fig. 3(a) ]. Similarly, this argument could be used to explain the behavior of SPR dispersion curves obtained for sensing in the aqueous medium [ Fig. 3(b) ].
Hence the SPR effect could be reproduced in the IR range for different prism materials, while the prismrelated dispersion phenomena determined the characteristics of all spectral and angular SPR dependencies. We observed that the insertion of any transparent parallel layer between a silicon prism and the gold film did not change the dependencies, provided the thickness of the layers was sufficiently large to nullify film interference effects. This phenomenon was apparently explained by the fact that the addition of an intermediate parallel layer did not change the tangential component of the wave number of the pumping wave [ Fig. 1(a) ] and therefore did not influence the conditions of SPR excitation. In other words, a silicon prism with a gold film on a glass slide (in immersion contact with the prism) should exhibit the same characteristics as the purely silicon-based scheme, i.e., the dispersion properties of silicon still govern all SPR characteristics. In contrast, a glass prism with a gold film on a silicon wafer displays the glass-related SPR characteristics, whereas silicon simply serves as a transparent material. This means a system with a silicon prism can be used with replaceable and cheap glass or silicon slides to simplify the design for practical sensing applications.
We compared sensitivities of infrared SPR schemes for three prism materials. In chemical and biological sensing schemes, the bulk refractive index of the adjacent gaseous (n s ϳ 1) or aqueous (n s ϳ 1.33) medium was considered constant during the measurement, while a thin chemical or biological film on the gold changed the resulting thickness because of a selective binding or recognition interaction. In the calculations, we considered the increase of the layer thickness d with a refractive index of n film ϭ 1.1 and n film ϭ 1.42 for the gaseous and aqueous sensing environment, respectively, consistent with the parameters used in chemical and biological sensing. 7 A change of resonant conditions due to changes of the thickness was recorded under the fixed pumping wavelength (angular interrogation) and the fixed incident angle (spectral interrogation). In this study, we examined sensing responses for the two interrogations separately.
In the scheme with a fixed , the ''absolute'' sensitivity represented a simple angular shift of the SPR dip due to a change in the thickness d. Figure 4 shows the change of the resonant angle SPR as a function of d in a model of the (a) gas and (b) aqueous medium. For all three prisms, the angle SPR was proportional to the film thickness. The response sensitivity to the thickness growth was also more pronounced for glass than silicon [Figs. 4(a) and 4(b)]. At a fixed angle , the result became more intriguing since the response of the silicon-based system was quite different from the trend observed for glass, as illustrated in Figs. 4(c) and 4(d) . For glasses, the main trend was the increase of the resonant wavelength SPR as the layer thickness d increased, which was valid for both the gas [ Fig. 4(c) ] and the aqueous [ Fig. 4(d) ] medium. However, silicon demonstrated an opposite tendency in the case of the gas medium, i.e., SPR decreased with an increase in d [Fig. 4(c) ]. In the aqueous medium, the system's response obtained for silicon was even more complicated and intriguing since the silicon prism resulted in two spectral dips if the angle of incidence was fixed at 22.3°-22.4°[ Fig. 3(b) ]. The dip at the relatively short wavelength SPR Ͻ 1400 nm exhibited a decrease with an increase in d, while the long wavelength dip SPR Ͼ 1400 nm showed an opposite trend. Consequently, the distance between the two dips became wider as the thickness of the sensing layers increased. Nevertheless, the spectral sensitivities were comparable for silicon and glasses in the case of the gaseous medium, whereas in the aqueous medium, silicon actually provided higher sensitivity.
The absolute sensitivity was not anticipated to provide a complete description of the sensing response since the position of relatively narrow reflectivity curves could be measured with higher precision using a high-resolution detection system. 19, 20 In practice, high-precision measurements would improve the detection sensitivity. 18 In fact, we encountered such a situation in the case of the angular interrogation as the resonant curves became relatively narrow in the IR range (Ͻ0.1°), but they were still measurable with higher precision. For a complete description of such systems, many investigators use socalled intrinsic sensitivity, corresponding to the shift (angular or spectral) of the SPR dip divided by its width for a given change of the refractive index of the sensing medium. 18 Our calculation shows that for gold with a thickness close to d opt , the intrinsic sensitivity became similar for both the glass and silicon prisms because the angular curves were narrower for silicon. Considering the resolution of modern goniometer systems is less than 0.0002°, the realization of this sensitivity is quite realistic and feasible. Thus schemes with glasses and silicon are expected to display the same polarity of sensing response for the angular sensitivity and the opposite polarity for the spectral sensitivity.
The polarity of the sensing response was also explained by the diagram with the dispersion relation (k x ) near the coupling point as presented in Fig. 3(c) . The increase of the integral refractive index n s due to the thickness increase led to a shift of the plasmon dispersion curve towards the k x axis. Therefore it was necessary to increase the angle to restore the coupling conditions at a fixed frequency (angular sensitivity). For either glass or silicon, increasing d led to an increase in SPR , in agreement with the dependencies of Figs. 4(a) and 4(b) . For a fixed angle (spectral sensitivity), we anticipated the opposite response of two platforms as described in Fig. 4(c) . To compensate for the shift of the surface plasmon curve with the increase in d, it is necessary to decrease the pumping frequency for the BK7 glass, but this operating parameter must be increased with silicon as the sensing prism.
As described previously, SPR in the IR was characterized by a much larger probe depth. This probe depth was almost insensitive to the properties of the prism material and reached 1.5-2 m, while for the visible light the depth was limited to only 200-300 nm. 18 Therefore SPR schemes with IR light should be more efficient in remote sensing. From our perspective, this phenomenon might be used to record the sensing event far from the gold surface or to detect the interaction on the surface of large ob- jects of relatively low refractive indices. Deadly viruses and bacteria are two important examples of such objects that cannot be detected by current visible-based SPR schemes. The concept of sensing on a silicon platform is especially attractive with respect to the ease of miniaturization of SPR systems, a key requirement for remote monitoring applications. Of course, the expectation is based on the fact that methods for microfabrication and circuit integration are well developed for silicon. Undoubtedly, the integration of the SPR-based transducer on a silicon-based processing chip will contribute to the development of novel, compact biosensors and microarrays.
CONCLUSIONS
On the basis of plasmon model and experimental data, we investigated the behavior of surface-plasmon resonance (SPR) in IR pumping light (800-2300 nm). SPR was produced in the Kretschmann-Raether prism arrangement with use of three different coupling materials: BK7 and SF11 glasses and silicon. It was demonstrated that the qualitative behavior of most SPR dependencies in the IR was strongly influenced by the dispersion properties of the involved materials. Compared with glass, the use of silicon as the sensing prism resulted in remarkably different SPR dispersion curves, opposite polarity of the SPR response, and increased sensitivity. Based on the sensing responses of angular and spectral schemes obtained with different coupling materials, SPR with IR light could be a distinct candidate for the improvement of SPR sensor performance in comparison with current SPR technology based on visible light.
